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R etinopathy of prematurity (ROP) is a biphasic ocular disease occurring primarily in infants delivered before approximately 28 weeks gestational age with immature retina. 1 It includes a delayed physiologic retinal blood vessels development, followed by anarchic vessel proliferation and a potential for succeeding retinal detachment. 2 An initial vessel loss may evoke ischemic events with detrimental effects on neuronal homeostasis and functions. 3 Although early detection and treatment often result in a full recovery, severe cases may lead to long-lasting problems of reduced visual acuity, high myopia, strabismus, nystagmus, glaucoma, late retinal detachments, or even blindness. [4] [5] [6] [7] [8] Until now, the pathogenesis of ROP has not been completely understood. The various ROP risk factors include low gestational age and low birthweight, higher or fluctuating oxygen levels during oxygen therapy, hyperglycemia, insulin use, inadequate postnatal nutrition, improper insulin-like growth factor 1 concentration, poor postnatal growth, pre-and postnatal infection, and genetic factors. 9 However, we still know too little about why some infants develop this complication of prematurity while others, born at the same age and with similar clinical characteristics, do not. Studies on protein abundance profiling may not only broaden our knowledge about potential achievable biomarkers and help enhance our understanding of the molecular process driving ROP but also explain the susceptibility of some preterm newborns to ROP. Up to now, limited research has identified several proteins (i.e., these from the insulin-like growth factor pathway, mitochondrial superoxide dismutase, and chordin-like protein 1), in which altered levels in plasma were related to the increased risk of ROP. 10, 11 A study dealing with vitreous samples of children with ROP has also revealed some proteins potentially involved in the pathomechanism of ROP. 12 However, the limited material availability makes these studies more relevant in basic science but not in routine clinical practice.
In our previous publications, we described the comparison between abundances of all plasma proteins and differences at the transcriptional level (mRNA) from prematurely born children with different gestational ages, both from cord blood as well as at the 36th postmenstrual week (36 PMA). [13] [14] [15] We presented that protein abundance differences are highly dependent on gestation age.
The goal of this study was to identify potential ROP plasma biomarkers and provide a more molecular-based understanding of ROP by comparing a proteome profile at the two time points (at birth and at 36 PMA) in groups of infants with and without ROP. However, as our previous studies revealed, the level of prematurity has a profound impact on the plasma protein quantitative changes. Therefore, we performed a standardization of the obtained results to the gestational age. Our secondary aim was to corroborate the protein level by a complementary gene expression study.
METHODS
This study is an analysis of data collected as part of a multisite study to investigate the transcriptome and proteome in preterm infants. [13] [14] [15] The study was approved by the Jagiellonian University Bioethical Committee and adheres to the tenets of the Declaration of Helsinki.
Enrolled Patients
All preterm newborns with a gestational age of 30 weeks were consecutively enrolled into the study between September 1, 2013, and November 30, 2015, at the Warsaw Medical University Neonatal Intensive Care Unit (NICU), Warsaw, Poland. Informed consent was obtained antenatally from the parents with an explanation of the nature and possible consequences of the study.
Monitoring During Hospitalization
All the subjects enrolled in the study underwent careful clinical monitoring for symptoms of ROP, as the standard of care. The screening of infants for ROP followed standard guidelines. 16 The examination and the qualification for laser therapy were provided by an experienced specialist in ophthalmology and retina diseases. Laser photocoagulation was performed on children who developed any stage ROP with plus disease in zone I, stage 3 ROP without plus disease in zone I, or stage 2 or 3 ROP with plus disease in zone II. In the case of ROP progression despite laser treatment, the patient might have been qualified to receive anti-vascular endothelial growth factor therapy.
Data Collection
Data concerning perinatal history, hospitalization course, and the patient's outcome, with special regard to the course and treatment of ROP, were simultaneously collected in an Excel database.
Division Into Groups
All patients with eye changes typical for any stage of ROP 17 were included into the ROP(þ) group. Patients without any eye abnormalities associated with ROP formed the ROP(À) group.
Blood Sampling
Blood samples for transcriptome and proteome analyses were collected at two time points: during delivery (umbilical cord blood) and at 36 PMA peripheral venous blood. The blood samples were further managed as previously described in detail elsewhere. [13] [14] [15] 
Proteome Analysis
ProteoMiner beads (combinatorial peptide ligand library beads; Bio-Rad, Hercules, CA, USA) were used for the enrichment procedure, optimized with reference to previously published protocols. 18, 19 The quantitative analysis was performed by isobaric tag for a relative and absolute quantitation (iTRAQ) method (Sciex, Framingham, MA, USA). Samples were en-riched, trypsin-digested, randomly assigned to iTRAQ reagents, labeled, and, finally, combined to corresponding 8plex assemblies. For data normalization, each 8plex assembly contained an internal common reference generated by combining equal amounts of protein from all of the samples included in the measurements. Next, labeled peptides were fractionated by strong cation exchange chromatography, after which flow-through fraction and 11 consecutive injections of the elution buffer (5-500 mM ammonium acetate) were collected. Thus, the labeled peptides from each 8plex assembly were distributed across 12 strong cation exchange fractions. Each fraction was then separated by reversed-phase liquid chromatography and applied on-line to a Velos Pro (Thermo Scientific, Waltham, MA, USA) mass spectrometer through a nanoelectrospray ion source. Spectra were collected in full scan mode (400-1500 Da), followed by five pairs of collisionalinduced dissociation (CID) and higher energy collisional dissociation (HCD) tandem mass spectrometry (MS/MS) scans of the five most intense precursor ions from the survey full scan and, subsequently, merged to hybrid HCD-CID spectra by EasierMGF software. 20 These were analyzed by the X!Tandem (The GPM Organization) 21 and Comet 22 search engines, statistically validated with PeptideProphet, and integrated with iProphet 23 under the Trans-Proteomic Pipeline (TPP) suite of software (Institute for Systems Biology, Seattle, WA, USA). 24 The peptide false discovery rate (FDR) was estimated by Mayu 25 (TPP), and peptide identifications with an FDR below 1% were considered to be correct matches. Imputation of the missing values in peptide abundances was performed in a MaxQuant environment 26 on the log 2 -transformed normalized iTRAQ, which reports intensities with a criterion of at least 75% of the values present for a peptide in the dataset by drawing the values from the normal distribution, with parameters optimized to mimic a typical low-abundance measurement. DanteR software 27 was used for protein quantitation and the statistical analysis of iTRAQ-labeled peptides. ANOVA was performed at the peptide level by using a linear model with the Benjamini and Hochberg FDR correction used to adjust P values. Protein fold change was reported as a median value of corresponding unique peptides.
Justification of Sample Size
A formal sample size calculation was not performed so as to allow the realization of a hypothesis-generating study. The approximate sample size was based on the calculations for the main study. 13 Briefly, the basic goal of the main project was to compare protein abundance levels between groups with a different degree of maturity. The power analysis (http://www. dssresearch.com/toolkit/default.asp; provided in the public domain by DSS Research, Fort Worth, TX, USA) indicated that with n ¼ 19 patients in each preterm group, the estimated power of the study to validate the measured fold change at the level of 1.15 was 0.98 (P ¼ 0.05). Therefore, n ¼ 19 patients were enrolled to each preterm subgroup. Using the calculation mentioned above, we can state that the power of this study is at least that in the publication mentioned above; we can detect at least a 1.15-fold change in protein abundance between ROP(À) and ROP(þ) patients.
Microarray Analysis
To study the whole-genome expression with a comprehensive coverage of proteins by appropriate gene transcripts, SurePrint G3 Human Gene Expression v3, 8 3 60 K microarrays (Agilent, Santa Clara, CA, USA) were used. A detailed methodology of handling the samples was described previously. 15 A microarray gene expression experiment was performed according to the manufacturer's protocol (Two-Color Microarray-Based Gene Expression Analysis, Low Input Quick Amp Labeling v6.9.1). After the experiment, the arrays were scanned by the SureScan Microarray Scanner (Agilent) and data were extracted using the Feature Extraction Software (Agilent). The expression of selected genes was confirmed by RT-PCR analysis as described in detail elsewhere. 15 
Statistical Analysis
Descriptive statistics were calculated and compared across the groups using Student's t-tests or Fisher exact tests for variables such as gestational age and birthweight, sex, antenatal steroids, and selected neonatal complications, including chorioamnionitis and oxygen therapy at the 28th day of life and 36 weeks PMA. A Mann-Whitney U test was used to compare the length of oxygen therapy between the groups. The groups determined by the comparison of interest were not comparable with respect to gestational age. Therefore, we wanted to examine whether differences in protein concentrations between the groups were due to gestational age. A linear model was fitted to the protein concentrations for each protein, and Student's t-tests and F-statistics were computed for each contrast, group indicator and gestational age. For each protein that was found to have a different concentration between the groups (i.e., that had a FDR-adjusted P value <0.05 in the first part of the analysis), we tested whether this expression was explained by the group indicator and/or by gestational age, using a logistic regression analysis. For statistical analysis, an SPSS software package (IBM SPSS Statistics for iOS, v24.0; IBM Corp., Armonk, NY, USA) was used.
RESULTS
Fifty-seven preterm newborns were included in the study, and, with two time points of blood drawing, this resulted in the collection of a total of 114 samples for proteomic and transcriptomic analysis. During their hospitalization in the NICU, 28 infants who had developed ROP formed the ROP(þ) group and 29 ROP-negative infants formed the second group ( Fig.) . The overall characteristics of the cohort and the differences in selected variables across the analyzed groups are shown in Table 1 . Children who, during hospitalization, developed ROP were characterized by a lower gestational age and birthweight, and, moreover, they required more prolonged oxygen therapy.
In the first stage of the analysis, the concentrations of proteins in serum obtained from the cord blood of preterm born children were analyzed. The abundance level of 33 of the proteins for the group who, during hospitalization, developed ROP were significantly different when compared with preterm infants who did not have this complication ( Table 2 ). The quantitative comparisons between samples collected at 36 weeks PMA from ROP(þ) and ROP(À) groups revealed a significantly different abundance level of 30 proteins (Table 3) . After adjustment for gestational age, complement C3 and fibrinogen alpha chain revealed a significant association with ROP at both time points. Moreover, at 36 PMA, the fibrinogen gamma chain revealed a significant, and the fibrinogen beta chain a borderline, association with ROP (Tables 2 and 3) . Among the 28 children with ROP, 5 presented ROP at the stage which required laser photocoagulation. This subgroup generally consisted of the most immature infants: gestational age, 24.6 (SD 1.94) weeks; birthweight, 750 (SD 176) grams; female sex, 3 (60%); prenatal steroids, 3 (60%); sepsis, 1 (20%); intraventricular hemorrhage grade 3/4, 1 (20%); on oxygen at 28th day of life, 5 (100%); on oxygen at 36 weeks PMA, 2 (40%); clinical chorioamnionitis, 3 (60%); histologic chorioamnionitis, 3 (60%). No one required antivascular endothelial growth factor therapy. In order to broaden the spectrum of observed changes to different biological level of regulation, the obtained results were compared in detail with the results of the gene expression microarray study. At both analyzed time points, significant differences for complement C3 component were observed (Table 4 ).
DISCUSSION
Our study presents the results of plasma proteome analysis in infants who, after birth at 30 gestational weeks, subsequently developed or did not develop ROP. Our findings support previous literature by showing that lower gestational age and birth weight correlate with a higher risk of developing ROP during hospitalization. Moreover, ROP(þ) and ROP(À) groups differed in the length of oxygen therapy as well as the proportion of children who developed bronchopulmonary dysplasia, which is also an oxygen-use-connected disease. Therefore, we consider oxygen therapy as the most significant predictor of ROP. Moreover, we identified two proteins whose increased level in cord blood plasma differentiate children with and without the risk of subsequently developing ROP. Additionally, these differences were also present in the examination of blood plasma obtained from the same infants at 36 PMA, elucidating the proteomic profile that predisposes a child to ROP. Complement is an important component of the innate immune system, crucial for defense against microbial infections and for clearance of immune complexes and injured cells. Under normal conditions, its activation is tightly controlled and relies on pathogen-binding antibodies (classical pathway and lectin pathway), apart from low-level continuous activation caused by spontaneous C3 hydrolysis (alternative pathway). 28 When hyper-activated, it drives a severe inflammatory response in numerous organs. Complement C3 is a central component of the complement cascade. Overactivation of the complement cascade has been implicated in the disease progression of glaucoma and diabetic retinopathy and is now known to be a central driver in the pathogenesis of age-related macular degeneration (AMD). 29, 30 Complement C1 and C3 elevation in the plasma have been reported as diabetic retinopathy markers. 31 In a quantitative proteomic analysis using iTRAQ of murine retina with oxygen-induced retinopathy versus healthy retinas, performed by Zhou et al., 32 higher levels of C3 and C4 were found in murine retinopathic retinas. It is possible that complement was deposited in retinas after breaking the blood-retinal barrier, as a consequence of retinal hemorrhage. 32 Of note, the vitreous of diabetic patients with proliferative retinopathy also contains more complement factors than patients without retinopathy or with nonproliferative retinopathy. This observation is also explained by researchers as a breakage of a blood-retinal barrier 33 ; however, the level of plasma complement in these patients was not checked. Rathi et al. 34 showed an increased level of C3 (and also C4 complement component) in the vitreous and tear samples of babies with ROP in comparison with infants with congenital cataract. This study indicated a possible involvement of the alternative complement pathway in ROP. According to the authors, the intraocular complement cascade activates macrophages/microglia, which secretes proangiogenic proteins and diminishes angiogenesis inhibitor levels. That may lead to increased vessel proliferation and extracellular matrix degeneration, in turn promoting angiogenesis. 34 On the contrary, in a study by Langer et al. 35 of a murine model of ROP, mice deficient in a C3 complement component displayed increased neovascularization; moreover, an antibody-mediated blockade of other complement factors resulted in enhanced pathological retinal angiogenesis. 35 Our study adds further evidence to the relationship between elevated complement levels and the development of one of the ischemic retinopa-thies, which is ROP. However, the exact connection has to be established in a targeted study. It is possible that chronic inflammatory abnormalities occurring in premature infants, caused by infections or prolonged oxygen use and excessive free radical formation, or even in the absence of well-defined triggers, may be reflected by an increased plasma C3 complement component level.
Fibrinogen is a 340-kD plasma protein synthesized by hepatocytes and is essential for blood coagulation. It is composed of two sets of three subunits, alpha, beta, and gamma. Under physiologic conditions, fibrinogen is found in plasma at low levels. However, after injury or endothelial cell dysfunction and/or vessel leakage, fibrinogen levels increase in the plasma. Fibrinogen is also a pleiotropic signaling molecule with numerous roles that can tip the balance between hemostasis and thrombosis and coagulation and fibrosis. Fibrinogen has also been shown to play a central role in inflammation. 36 Growing evidence indicates that perinatal inflammation and infection may increase the risk of ROP by direct proangiogenic effects and/or modifying known risk factors. [37] [38] [39] [40] [41] According to Christensen et al., 42 increased fibrinogen levels may be associated with in utero infection/ inflammation. On the contrary, Mitra et al. 43 stated in their meta-analysis that chorioamnionitis cannot be definitively considered as a risk factor for ROP. In our study, the difference in frequency of chorioamnionitis in each group, assessed both clinically and histologically, did not reach the statistical significance; therefore, we cannot regard intrauterine infection as the only reason for the elevated level of fibrinogen. In a murine model of ROP, fibrinogen deposits were seen in retinas, indicating an incompetent blood-retinal barrier and a leak of this big molecule from the blood into the retina, suggesting an inflammatory response inside of the eye. 44 Of note, an elevated level of fibrinogen was demonstrated as a risk factor in other non-ROP ischemic retinopathies, such as diabetic retinopathy and AMD. An increased plasma fibrinogen level is an independent factor associated with the existence of diabetic retinopathy. Coagulation and fibrinolysis disturbances are significantly associated with diabetic retinopathy and exist at the early stage of microangiopathy. [45] [46] [47] An increased level of fibrinogen alpha chain in the vitreous was observed in patients with exudative AMD. 48 A higher plasma fibrinogen level was also observed in patients with AMD. 49 Until now, higher plasma fibrinogen levels were not directly linked with a higher risk of developing ROP. Based on the results of our study, we believe that it is worth researching this issue in more detail.
To independently confirm iTRAQ results at a different regulatory level (RNA) with the proteome results, we also compared the expression of RNA in peripheral blood mononuclear cells (PBMCs) for the C3 complement component. It turned out that it is consistent with the results of the proteome analysis, that is it is higher in PBMCs from ROP(þ) children. As the gene for the C3 complement component is expressed to some extent in the PBMCs, 50 it can conceivably be presumed that PBMCs may have some minor contribution to increased plasma C3 concentration. However, for fibrinogen, our microarray results do not confirm the results obtained in the proteome study. It may be connected with the fact that the main source of fibrinogen is the liver and the proportion of fibrinogen expression in leukocytes and liver is 9:>1000000. 51 Therefore, the expression of fibrinogen in PBMCs does not reflect its plasma concentration. But, taking into consideration the results of the studies by Hoppe and colleagues, 52, 53 we believe that it may be possible in the future to investigate targeted therapy to reduce the production of fibrinogen in the liver, which may act in a protective way on retinal capillary beds.
Limitations
The specific characteristics of the studied population might have influenced the results that were obtained; namely, that they were biased toward a statistically significant difference. The patient population may not be applicable to other NICUs (for example, the ROP rate), and, hence, our results may not be easily generalizable. Moreover, due to the nature of our study, there may be a potential collider bias in controlling for gestational age when low gestational age is highly associated with preterm birth, which is linked with ROP and potentially pathophysiologic factors. These issues are difficult, and sometimes unavoidable, in observational studies that are necessary when studying prematurely born children. Additionally, the validation of proteomic results by another method would strengthen the iTRAQ quantitation results. It has to be stated, however, that the sample consuming the ProteoMiner plasma enrichment allowed us only to meet the requirements for reliable iTRAQ measurements. In addition, the extensive fractionation of the labeled peptides by off-line two-dimensional chromatography and mass spectrometry provided the sensitivity of the plasma proteins analysis that would probably not be reached by the Western blot technique, which is still considered to be the standard method for targeted protein quantitation.
CONCLUSIONS
To sum up, higher levels of complement C3 component and fibrinogen present in the cord blood that persistent to 36 PMA may indicate a chronic low-grade systemic inflammation and hypercoagulable state, which may play a role in the development of ROP.
